Purpose: The brain produces intense heat as a result of cerebral metabolism and cerebral blood flow, and the generated heat is removed mainly through circulation of the intracranial blood vessels and cerebrospinal fluid (CSF). Because magnetic resonance (MR) images are constructed from analysis of the spin of various molecules, the diffusion coefficient can be used as a parameter that reflects the temperature of water molecules. We used diffusion-weighted imaging (DWI)-based MR imaging to measure the temperature of the CSF around the lateral ventricles in patients with idiopathic normal pressure hydrocephalus (iNPH).
Introduction
Idiopathic normal pressure hydrocephalus (iNPH) is increasingly important among the various disorders associated with the clinical triad of dementia, gait disturbance, and urinary incontinence in the elderly. Its characteristic finding is ventriculomegaly. iNPH is usually diagnosed using noninvasive methods by magnetic resonance (MR) imaging, [1] [2] [3] and cerebrospinal fluid (CSF) shunt surgery can reverse its symptoms. iNPH is difficult to distinguish from neurological or nonspecific conditions that cause locomotor, cognitive, and urinary disorders in the elderly. Although half a century has passed since the first report of the disorder, 4 ,5 it continues to be described as "idiopathic" in the clinical field because its etiology and pathological mechanism have yet to be elucidated. Against this background, early surrogate markers for detecting iNPH have been sought to facilitate its more accurate diagnosis in the elderly, to select appropriate patients for whom CSF shunt surgery would be effective, and to maintain the long-term effects of shunt surgery.
Recently, MR imaging has provided information about brain physiology within the central nervous system as well as brain structure, and thermometry is expected to be useful for clinical evaluation. 6 -12 Of the various MR imaging methods, post-processing of the diffusion-weighted image (DWI) is clinically useful. 11, 12 MR images are constructed from the encoding spin of molecules, and diffusion is a parameter that reflects the thermal motion of molecules. Based on the MR characteristics of the brain, the diffusion coefficient increases with the elevation of brain temperature and increased activity of free water. The utility of this novel thermometry using DWI-based MR imaging has been reported with regard to the relationship between the diffusivity of water molecules and the measurement of brain temperature. The previous reports 13, 14 suggested that change in brain temperature is characteristic of the hemodynamics of cerebral blood flow and may thus be applicable for the evaluation of diseases that affect the CSF, such as iNPH. The application of this technique to evaluate ventricular temperature is now anticipated in neurological diseases such as iNPH, which results from impairment of CSF circulation with ventriculomegaly.
Using a previously reported method 15, 16 of DWIbased MR imaging to measure CSF temperature around the lateral ventricles in patients with iNPH, we undertook this study to clarify the feasibility of measuring brain temperature in patients with iNPH by determining whether CSF temperatures are higher in iNPH cases than in controls and whether CSF temperatures change in patients with iNPH after shunting.
Materials and Methods

Subjects
The subjects were 2 groups of patients admitted to our hospital or who received medical care at the outpatient clinic between January 17 and patients fulfilled the criteria of the international guidelines for iNPH. 18, 19 We included those patients with iNPH only and excluded patients with secondary hydrocephalus with history of head injury, subarachnoid hemorrhage, or meningitis. Patients underwent ventriculo-peritoneal shunt surgery, and improvement of symptoms after surgery was confirmed. All were in excellent health at the time of their MR scans, which were performed before and approximately one month after shunt surgery.
The control group (Group C) consisted of 40 age-matched normal subjects (21 men, 19 women; mean age, 74.5 « 3.3 years) who underwent voluntary health examinations, subsequently showed no evidence of supratentorial lesions on head MR imaging, and had no apparent cerebrovascular lesions or history of other neurological abnormalities.
MR imaging and data analysis
All MR imaging examinations were obtained using a 1.5-tesla whole body imager (Philips Medical Systems, Best, The Netherlands). Image acquisition of DWI was approximately 3 min. Six gradient directions were applied for DWI to obtain high spatial resolution. A single-shot echo-planar imaging technique was used for DWI (repetition time [TR]/ echo time [TE] , 6000/88 ms), with a b value of 1000 s/mm 2 and image averaging performed twice. Motion-sensitizing gradients were applied in 15 directions. Forty-two 3-mm-thick sections were obtained without intersection gaps.
The other conventional MR imaging examination analyzed in this study included fluid-attenuated inversion recovery (FLAIR) images (delay time, 2200 ms; TR/TE, 8000/100 ms). These sequences were kept similar to the sequence used in the abovementioned human study. 15, 16 We extracted the lesions of each lateral ventricle targeted for measurement by outlining the borders of the ventricles to exclude periventricular brain, calculated the temperature of the CSF in the ventricle domain for the analyses in Groups C and N according to the previously published conversion formula, and followed the 2 groups using MR imaging. The mean time between shunt surgery and follow-up MR imaging was approximately 2 months. We retrospectively examined the data for temperature analysis.
We simultaneously evaluated any correlation of the thermography measurements with Evan's index 1,2 by group as a parameter of ventricular size; the index represents a ratio of the diameter of the maximal anterior horns of the lateral ventricle to the transverse intracranial diameter and indicates ventriculomegaly of 0.3 or greater.
Because body temperature can affect brain temperature, we also compared body temperatures of the patient and control groups. For the patient group, axillary temperatures (axillary thermometer; Terumo, Tokyo, Japan) were measured on the same day as before and after MR imaging evaluations. When the examined subjects had a fever or were not in good medical condition on the examination day, MR imaging evaluation was avoided to minimize the influence of an abnormal core temperature. We simultaneously recorded the temperatures of all subjects before MR imaging evaluation to determine any elevation in temperature, although no case had a fever on the day of imaging.
Determination of ventricular temperature (temperature estimation)
The previously reported kinetic theory suggested a direct relationship between the absolute temperature (T) and diffusion coefficient (D). Moreover, several recent studies by the team of Mills and Nagy have shown that CSF temperature can be estimated using this relationship. 11, 20 They have proven the relationship between pure water diffusion and diffusivity and the ability of DWI to measure the temperature of CSF. On the basis of previous reports, including those of our collaborators, 15, 16 we calculated the diffusion constant (D, mm 2 /s) using a previously reported equation,
in which b is the applied diffusion weighting (s/ mm 2 ), S 0 is the voxel signal intensity of the reference, and S is that of the DWIs, and we then converted the constant to temperature.
The temperature (T,°C) estimation is considered for CSF within the lateral ventricles because this method is only applicable to nonrestricted water. The D value was converted to the corresponding temperature using and the mean of the temperature estimates was finally determined. We applied these formulae for DWI-based MR thermometry of the ventricles according to the method reported previously by our collaborators. 15, 16 We performed this study as a feasibility study because this method to estimate absolute CSF temperature using the water diffusion coefficient has not been established.
Diffusion of the CSF is almost equal to the free diffusion of pure water. Therefore, we applied this formula Eq. 2 20 for this pilot study taking into consideration the possible bias in the calculated temperature level from the pulsatile and breathingrelated movement of the water molecule, structured water molecules bordering on polymers, and hydrogen-bonding breaking effect by the ion.
21 Figure 1 shows a typical analysis data sheet from an iNPH case. Although 6 decimal digits are used to display the average temperature value, the effective number of digits may be smaller.
Statistics
We analyzed statistics using SPSS software (19.0, SPSS Inc., Chicago, IL, USA). Clinical data are presented as means « SD. Group comparisons were performed using a nonparametric Wilcoxon rank-sum test or Spearman's rank correlation coefficient, with P < 0.05 considered significant. Finally, we performed receiver operating characteristic (ROC) curve analysis for each peak of interest and plotted the area under the curve (AUC) for each selected feature.
Results
Table presents the clinical characteristics of the subjects enrolled in Groups C and N. In Group N, all 33 patients demonstrated gait disturbance, 31 (93.9%) showed cognitive impairment, and 25 (75.8%) experienced urinary incontinence. These distributions were similar to those in previous reports. [22] [23] [24] Body temperature did not differ between the groups and did not differ significantly between the groups before (36.4 « 0.5°C) and after (36.2 « 0.4°C) MR imaging. It was not possible to observe the correlation between the changes in body temperature and ventricular temperature examined in this study before and after surgery. The temperature was significantly higher in Group C (37.7°C « 0.4°C) than Group N (36.7°C « 0.5°C) (P < 0.01) (Fig. 2A) .
To identify the peaks that would be useful for differential diagnosis between Groups N and C, we analyzed sensitivity and specificity using ROC curve analysis. The cut-off value of 37.2°C (more than the mean + 2 SD in Group C) showed sensitivity of 78.1%, specificity of 77.5%, and positive predictive value of 73.5% to distinguish the 2 groups. Furthermore, the classification efficiency of this cut-off value and the discriminatory power of the data set were proven by ROC curve analysis. ROC curve analysis also proved the diagnostic capability of the peak at 37.2°C. The AUC was 0.818 for distinguishing Group N and Group C, suggesting that the peak at 37.2°C could be used to discriminate Group N with appropriate accuracy (Fig. 2B) . We also evaluated the correlation between the thermography measurement and Evan's index. Although we expected some direct correlations, there were no significant correlations between the groups on the scatter plot. Thus, the Evan's index is not needed as a parameter of ventricular volume as a covariate in this analysis.
We also evaluated any significant correlation between the CSF temperatures of the lateral ventricles before and after shunting surgery (Fig. 3) . All MR imaging examinations were scheduled to be performed before and after the shunt operation in ac- Fig. 1 . A typical analysis data sheet from a case of idiopathic normal pressure hydrocephalus (iNPH) of the cerebrospinal fluid in a lateral ventricle. The patient was a 73-year-old man with gait disturbance, cognitive impairment, and urinary incontinence. His score on the mini-mental state examination, 19 of 30 (full score), suggested coexistent cognitive impairment. We placed a region of interest (ROI) by manually tracing the peripheral margin of the lateral ventricle. The temperature of the ROI was calculated and is shown as an average of 37.7°C. In the lower right corner, "33" in the box for "T low" represents the low cut-off (°C) and "45" in the box for "T" means the high cut-off (°C) of each estimated temperature during the analysis. In the right lower graph, the red line represents the distribution curve of temperature, and the green line represents the fittingcurve of distribution points of temperature between the low and high cut-off temperatures. For curve fitting, we used an eighth order polynomial. cordance with the written protocol, and only one patient who underwent the operation failed to complete the MR imaging schedule, as a result of a change of mind. Ventricular temperatures in patients treated by ventriculo-peritoneal shunting surgery decreased with the implanted drainage tube compared to the temperatures measured before surgery, and symptom improvement was confirmed after surgery.
Discussion iNPH appears to result from impaired CSF circulation; it develops in elderly patients; and symptoms usually progress slowly. Appropriate CSF shunt surgery can improve symptoms, 1, 22, 24 but preoperative diagnosis using these criteria is usually difficult. A tool is needed for clinical diagnostic discrimination, and a difference in CSF temperature could be such a tool if this variable were to be observed between iNPH patients and control subjects.
In the physiological field of the central nervous system, the brain is the most energy-demanding organ, and the large quantity of energy used for metabolism is subsequently transformed into heat. 13 The generated heat is mainly removed through intracranial blood vessels and cerebrospinal fluid circulation; the balance between the generation of heat and its removal by the circulation ensures an appropriate fixed temperature in the human brain. Because the cerebrospinal fluid circulation is affected and the blood circulation in the brain is decreased in iNPH, 3, 25 we hypothesized that this heat balance was disturbed in patients with iNPH.
Recently, a noninvasive approach for tempera- Group N) cases. The temperature is significantly higher in Group C than Group N. The horizontal bar in the figure shows 37.7°C in Group N and 36.7°C in Group C, and the difference is significant (*P < 0.01). When the cutoff value for distinguishing the groups is 37.2°C (mean + 2 standard deviations [SD] in Group C), the calculated sensitivity is 78.1%, specificity is 77.5%, and positive predictive value is 73.5%. (B) Receiver operating characteristic (ROC) curves with the area under the curve (AUC) value of 37.2°C for distinguishing Groups N and C. Each point on the ROC curve represents a sensitivity/specificity pair that corresponds with a decision threshold. When the cut-off value for distinguishing the groups is 37.2°C, the AUC is 0.818 and significant (P < 0.01). The oblique line in the figure shows the standard line (AUC, 0.5). Fig. 3 . Correlation of cerebrospinal fluid (CSF) temperatures of the lateral ventricles before and after shunting surgery. The significant decrease in ventricular temperature after shunting surgery demonstrates recovery nearly to the average level in controls (Group C) (*P < 0.01).
ture estimation using MR techniques was proposed. 6 -12,15,16,20,26 Particularly applicable to nonrestricted water, for example, CSF, these methods are thought to be potentially useful for assessing the brain condition of patients, especially those with iNPH with ventricular dilatation.
Despite our small study population, we confirmed the elevated ventricular temperatures of patients with iNPH compared with controls and the feasibility of measuring the CSF temperature in the ventricles of these patients.
Although the change of CSF temperature in the lateral ventricle might have been caused by the external implanted drainage tube for the intracranial lateral ventricle, these observed temperature differences between patients with iNPH and normal controls were presumably induced by the mismatch between metabolic heat production and heat removal by the CSF. Lower regional cerebral blood flow has been reported, 3, 27 so this slowing of the blood flow may be related to insufficient heat removal. The reason for the higher temperature in Group N is unclear, but it might reflect disturbance of the CSF circulation with insufficient heat removal. Although iNPH could be regarded as a "multietiological clinical entity," 24, [28] [29] [30] [31] its evaluation is aided by this measurement that showed a high ventricular temperature and provided new etiological or physiological information through a comprehensible indicator. A further large-scale prospective study including other neurodegenerative diseases that show cognitive impairment, such as Alzheimer's disease, is necessary to confirm its effectiveness. These differences in temperature measurements may be useful in the differential diagnostic criteria for iNPH.
Our study has a few limitations. First, the pulsatile movement of the CSF increases the diffusion coefficient. In particular, iNPH is known to decrease the compliance of the brain and cause a concomitant change of CSF pulsatility, 32, 33 which could lead to overestimation of the ventricular temperature. In addition, the partial volume effect of the brain substance around the wall of the lateral ventricle may be altered in individual cases based on ventricular size or changes in ventricular size after shunt surgery; lateral ventricles that are markedly large as a result of individual differences are sufficiently large to influence the partial volume effect and CSF pulsation waves in this measurement. It would be useful to report the temperature of mildly enlarged lateral ventricles in the iNPH and control groups as a next step. Moreover, it is unfortunate that we could not directly measure CSF temperature during shunt insertion.
Another limitation is that magnetic field inhomogeneity can affect MR imaging used for DWI. An artifact induced by such field inhomogeneity could alter the measured temperature, which would be problematic in patients with monitoring devices or dentures. It would also be ideal to measure the real ventricular size using MR imaging at the same time, which is currently limited by heterogeneous diffusion of water within the ventricle. We are upgrading the software to be able to trace the ventricular size automatically. As a next step, more data should be collected and compared with the present data by evaluating other MR imaging-based diagnostic methods, such as phase contrast MR imaging 34 or, more recently, TIME-SLIP (time spatial labeling inversion pulse) MR imaging 35 for shunt-responsive iNPH at the baseline survey. Comparison of these data might explain the increase in temperature from lack of CSF exchange between the lateral ventricles and the rest of the ventricular system and subarachnoid space. As a second priority, poor responders to the shunt operation would be evaluated to assess the applicability of this method as a universal evaluation for all patients with iNPH regardless of shunt treatment. A future study might compare patients with ventriculomegaly from other causes, such as Alzheimer's disease, to better address the differences with iNPH by this thermometry using DWIbased MR imaging method.
Despite these limitations, we confirmed an apparent difference in temperature within the lateral ventricles of patients with iNPH and controls. Because the brain generates a substantial percentage of total body heat, the lack of CSF exchange between the lateral ventricles, rest of the ventricular system, and subarachnoid space could explain the increased temperature. Whether such an effect has a critical influence on the measurement needs to be assessed in future studies.
Conclusions
Ventricular temperature measured using DWI MR imaging appears to provide useful supplementary information for the diagnosis or sequential evaluation of treatment for iNPH. Our results show that noninvasive measurement of the temperature of the ventricular CSF is clinically feasible and provides information regarding potential lack of CSF exchange between the lateral ventricles and subarachnoid space that could explain the increased temperature.
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